U L T R A V I O L E T RADIATION A N D Y E A S T C A T A L A S E
strate is characterized by a high temperature-dependence, i.e. the activation energy for the catalase-H202 system diminishes by approximately 5 kcal./mole following lysis (4); (f) the activation energy and entropy for its heat destruction are low, rising by approximately 21 kcal. and 70 entropy unit respectively after lysis (4) . These findings indicate that its state is one of relatively low specificity, great disorder.
In addition, we have gained information about the process whereby the intracellular catalase changes to its reference state, the process which we have called enzyme alteration: (a) the ability of a variety of aliphatic compounds to cause enzyme alteration is correlated with their ability to reduce the energy at an aqueous surface (5); (b) the activation energy of alteration induced by n-butyl alcohol (hereafter butanol) and chloroform was about 22 kcal. (6); (c) alteration of catalase was found to be probably not all-or-none per cell (5) but probably to be all-or-none per molecule of catalase (6) ; (d) with optimal concentration of altering agent, the rate of alteration seemed to be of zero order with respect to enzyme concentration, and was actually found to be independent of the concentration of yeast cells, and thus presumably of enzyme concentration (6) . All these data were consistent with the hypothesis that alteration of catalase consisted in desorption of the enzyme from some interface at which it is normally adsorbed in a relatively disordered condition within the living cell (the interracial hypothesis).
In view of our earlier work on the effect of ultraviolet radiation (UV) on yeast catalase (3, 4) , it seemed advisable to study more closely the kinetics of UV-induced catalase alteration. This study has permitted us to confirm many of the above findings, and to acquire a bit of additional information about the state of this intracellular enzyme.
E X P E R I M E N T A L
Methods of washing, handling, and preparing the yeast cells were the same as those used in previous studies (4, 5) . Cells were suspended in phosphate buffer, pH 7.2, throughout, except when otherwise specified. The lamp used in the irradiations was the same as that described by Aldous and Stewart (7) and by us (8) ; irradiations were carried out in the cold room or at room temperature, variations never exceeding I°C. during any run to be described. Our Beckman DU spectrophotometer was calibrated by means of a mercury lamp, and was within the suggested wave length tolerances throughout the range studied (e.g. 1 A at 265.2 and 253.6 m/z).
The ribonucleic acid (RNA) was either a commercial preparation from yeast (Nutritional Biochemicals, Cleveland, Ohio), the same deproteinized by the method of Sevag, Lackman, and Smolens (9), or a highly purified pancreatic RNA kindly given us by Dr. A. Marko of the National Research Council, Halifax. In all cases in which RNA was added to the catalase solutions, pH was restored to the desired level by addition of NaOH. Crystalline beef-liver catalase was the same as that used previously (3, 4) and the crystalline ribonuclease was obtained from the Worthington Laboratories (Freehold, New Jersey).
RESULTS
A. Preliminary.--Since we shall be discussing the effect of temperature on at least 4 different reaction rates, we summarize in Table I the principal reactions to be distinguished. Activation energies for reactions 1 to 4 will be differentiated by corresponding subscripts (/zl... p~, etc.).
The over-all picture of the effect of polychromatic UV radiation on intraceUular yeast catalase may be seen by following curve A in Figs. 1 and 2.
The effect of UV may be devided conveniently into 4 periods; period 1, during 
~4
which all the cells become inviable, using as a criterion their inability to form colonies on nutritive medium (see inset, Fig. 1 ) but during which no change in catalase activity of the suspension occurs; period 2, during which an abrupt and dramatic increase in catalase activity (the Euler effect) takes place, to a level, in the case of curve A, seventeen times that of the cells in period 1; period 3, during which irradiation produces no change in the maximal catalase activity of the suspension, and period 4, during which the enzyme is irreversibly destroyed by the UV. There is no correspondence between the numbering of these periods and that of the reactions in Table I . The yeast suspensions used in these studies were divided into several categories (A to E) as regards temperature of irradiation, of storage (between irradiation and assay), and of assay of catalase activity. The physical meanings of the activation energies obtained by comparing these various categories are summarized in Table II , to which reference should be made during our treatment of data concerning these categories.
B. Periods 1 and g.--In our previous experiments, the UV-induced Euler effect (3) had been found to be accompanied by a decrease in #1 (4); in other words, UV not only greatly increased the catalase activity of a yeast suspension but at the same time decreased the temperature dependence of its activity. In Fig. 1 , curves A and B represent changes in catalase activity of a yeast suspension irradiated at constant temperature (24°C.) and assayed subsequently at 30 ° (A) and 5 ° (B). Thus, comparison of points along these curves will show the effect of temperature on the enzyme-substrate system and changes in this effect as a consequence of prior irradiation. Inspection of the curves shows that initially (period 1) there was a several-fold decrease in activity as the temperature of assay was lowered from 30 ° (A) to 5 ° (B); however, when maximal activity was reached (period 3) it will be noted that the catalase activity became much less temperature-dependent; i.e., the ~z had decreased.
When one substitutes the individual activities, of which these curves are Fig. 3 , Curve AB, which provides, in effect, a measure of the rate of catalase alteration since it illustrates the rate of change of #1 during the irradiation. In the experiment represented in Fig. 3 , the/~1 decreased from its initial value of approximately 8 kcal. to a final value of approximately 2 kcal. A most unexpected finding was that before dropping to the final level characteristic of the altered enzyme, the pl rose at the onset of period 2 to a level well above that of the unaltered enzyme, in the case of the suspension represented in curve AB to over 14 kcal. at 1.5 minutes' irradiation. At this time one notes in Fig. 1 that the yeast suspension irradiated at 24 ° demonstrated an approximately fourfold increase in catalase activity when this was assayed at 30 ° (curve A, 4th point), but an activity which had not qu~te doubled when assayed at 5 ° (curve B) thus accounting for the unusually high activation energy at the onset of period 2. Since this phenomenon has been found in most experiments (and, indeed, was of greater duration when irradiation was carried out at lower temperature), it appears that this period may be divided into 2 a, the first phase of alteration during which the #1 rises to a level higher than that of the unaltered enzyme, and 2 b, the subsequent phase during which the /zl rapidly drops to the low level characteristic of the altered enzyme. Curves C, D, and E ( Fig. 1 ) represent the course of change of catalase activity of a single suspension irradiated at 3°C.; its activity was thereafter assayed either at 30 ° (C) or 5 ° (D, E). The allquots represented in curve D were stored on ice between irradiation and assay whereas those in curve E were brought to room temperature for 30 minutes and thereafter cooled to 5 ° for activity assay. In this way, we have determined to what extent heat may act on this system after (we shall call this post-UV heat) as wel] as during the irradiation. Change in #t during the irradiation at lower temperature is shown in Curve CE (Fig. 3) , which was qualitatively much like AB, except that the onset of period 2 with its change in #i was delayed considerably.
Data on #1 are summarized in Table IlL In line 1, the mean initial activities at the two temperatures were compared to yield an average #1 before alteration. In lines 2 and 3 the maximal levels (of period 3) were compared to yield an average #1 after alteration. Since the difference between #1 of lines 2 and 3
TABLE III Experimental Activation Energies for Reaction 1 (#0 Showing Change in This Constant during
Irradiation Standard deviations are shown. In lines 1 to 5, the/zl was determined by comparison of activities at two temperatures either before (1) or after (2 to 5) maximal UV-induced Euler effect. In lines 6 to 8, #t was determined by comparison of slopes of alteration curves, such as those of Fig. 1 (period 2). was not significant, these data have been averaged in line 4. Thus, during the irradiation, #1 dropped from 8.2 to 1.9 kcal., a somewhat greater decrease than that previously reported (4). The #1 determined by comparison of categories C and D (line 5) is significantly different from that of line 2, and the meaning of this finding will be discussed below. In lines 6 to 8, #1 values were determined from the slopes of the alteration curves, in which the activity of the UV-treated yeast aliquots was assayed at both 5 and 30°C. Activation energies determined in this way are simply evenly weighted averages of all #1 values during the UV-induced alteration process (see Table II ) and, as expected, were, in the case of lines 6 and 7, intermediate in value between those of period 1 and of period 3. The physical meaning of the #1 of line 8 must be exactly the same as that of lines 6 and 7; the very high #1 recorded here indicates that when the effects of post-UV heat have been excluded, as in category D, greater weight is given in the calculation of #1 to the initial phase of period 2 (2 a) which was characterized by an extremely high #1. Indeed, it is obvious from comparison of curves C and D (Fig. l ) that period 2 a has a very considerable duration due both to the delay in onset of period 2 in category D (no post-UV heat) and to the very low rate of alteration of catalase in suspensions of this category. Let us now consider the effect of temperature on the process of alteration itself (reaction 3) rather than on the enzyme-substrate system (reaction 1). To do this, we shall compare the activity of yeast suspensions irradiated at two different temperatures but subsequently assayed at constant temperature. Comparison of curves A and C ( Fig. 1 ), representing cells which were irradiated at 24 and 3 ° respectively but assayed at 30 ° after irradiation, illustrates the
TABLE IV Effect of TvraporaCuro on the UV-Im~uced Al~ragon Process
Velocity of alteration is given by the relation ¢ = (A= --A0)/t, using symbols defined below. Standard deviations shown. The difference between any two of the mean velocities of column 7 is significant, at least at the 5 1 2 Category n A 13 large temperature dependence of photochemical alteration. The big differences in duration of both period 1 and period 2 show that heat applied to the cells after irradiation (as in category C) was not able to reproduce the accelerating action of heat applied during the irradiation. On the other hand, comparison of curves D and E, in which cells were irradiated (5 °) and assayed (30 °) at the same temperatures, but in which category E was brought to room temperature between irradiation and assay, shows that the post-UV heat brought to bear on category E considerably accelerated both the time of onset and the rate of the reaction of alteration. Thus part of the action of heat on alteration was to accelerate a reaction which could take place after the primary photochemical reaction had ceased.
Our data on the effect of heat on rates of alteration are contained in Table  IV . The rates of alteration, having here the dimensions of #l. O~/min2, (i.e., acceleration of the rate of Os production from enzyme-catalyzed H~Os breakdown) were determined either as in column 7 (Table IV) by dividing the change in rates of catalatic activity by the duration of irradiation required to achieve the change, or directly from the slopes of the alteration curves, such as those of Fig. 1 .
Data on tt8 are summarized in Table V . The over-all activation energy for photochemical alteration of catalase is, we consider, represented by the value of line 3, determined from the velocities of alteration of categories B and D, since only this #8 value will include a component for the effect of heat acting after the irradiation. The mean value thus obtained, 23.6 kcal., happens to be quite dose to those reported for the temperature-dependence of alteration by butanol and chloroform (20 to 24 kcal., reference (6)) and to that incorrectly predicted from the difference between the /~ values of altered and Activation energies were determined by comparing either the velocities of alteration (slopes of curves in Fig. 1 unaltered yeast catalases (4) . The lower values of/~8 of lines 1 and 3 (Table V) are due to the fact that post-UV heat (which was acting in all four of these categories) was excluded from calculation of the activation energy, as will be noted from Table II. We may speculatively estimate the activation energy of the reaction(s) accelerated by heat after the primary photochemical reaction has ceased. One way of doing this is by calculating #a by substituting into the Arrhenius equation rates of alteration of categories D and E, differing only in the temperatures at which they were stored for a 30 minute period following irradiation. As noted in line 7 (Table V) , this yields a value of 7.6 kcal. Another way of estimating this constant is by subtracting from the over-all activation energy (line 5), calculation of which included the post-UV heat-sensitive process, the value from which this process was excluded (line 3). As noted in line 8, this method gives a value of 5.9 kcal., permitting an average estimate of 6.8 kcal. for the activation of this hypothetical reaction.
If one substitutes into the Arrhenius equation not the velocities of alteration but rather the reciprocal of the duration of period 1, one obtains the values of #3 represented in lines 2, 4, and 6 of Table V. One may speculate that the duration of this lag would be inversely related to the rate of whatever reaction must occur before catalase alteration can take place. Such a preliminary reaction would also be accelerated by heat applied after the irradiation (Fig. 1) and its over-all activation energy would be the 17.6 kcal. of line 6. The effect of cell concentration on rate of alteration is shown in Fig. 4 . As expected, the greater the density of the suspension the lower the velocity of alteration. In the case of the action of chemical altering agents (6) , where shielding cannot occur, the rate was independent of cell concentration.
It is interesting that the alteration curves of period 2 (Figs. 1 and 4) are best described as linear with time, or possibly S-shaped (autocatalytic); none was the typical first-order type curve usually associated with photoinactivation phenomena (see Section D below).
C. Period 3.--A most curious phenomenon discovered in the course of this research was the existence of period 3, the rather long interval following attainment of maximal catalase activity during which further irradiation of the suspension led to no detectable change either in the activity or in the gl (viz. Figs. 1 and 2) ; we shall call this phenomenon the protection effect. In view of the large amount of rihonucleic acid (RNA) in yeast and of the well known loss of nucleotide material from UV-irradiated yeast (10), we adopted the hypothesis that the protection effect was caused by a simple physical screening, or shielding, of enzyme by cytoplasmic RNA; only after a critical amount of RNA (or at least material absorbing heavily in the spectral region of maximum output of our source, 85 per cent of which was at the 2537 A mercury resonance line) had been lost from the cell, was the incident energy able to inactivate the enzyme. (Fig. 4) for corresponding catalase activities of suspension of this concentration.
If this hypothesis were correct, there should be a simple correspondence in time between loss from the cell of material absorbing in the 260 m/~ region and onset of period 4, the photoinactivation of catalase. Changes in the absorption spectra of irradiated cells and of supernates of irradiated cells following centrifugation are shown in Fig. 5 . It will be remarked that the absorption at 260 m~ decreased in the cell as it increased in the supemate, showing progressive loss of nucleic acid, or nucleotide-containing material or of the nitrogenous components thereof during the course of the irradiation. However, maximal loss of absorbing material to the external medium was found to occur after about 5 minutes' irradiation at 25 ° C., whereafter further irradiation caused neither further loss of optical density of the cells nor further increase in optical density of the supernate. Since the onset of period 4 was never observed until after approximately 20 to 25 minutes' irradiation, it follows that the protection observed during period 3 cannot be due to screening by optically dense material; our hypothesis was thus incorrect.
In view of the important work of McLaren (11), demonstrating that incorporation of chromophores into model peptides stabilized these compounds against UV photolysis, we next adopted the hypothesis that within the cell catalase and RNA existed in some sort of complex which stabilized the former against photochemical inactivation, but that prolonged irradiation split this complex, thus permitting destruction of the enzyme to proceed. Indirect test of this hypothesis has been possible.
It was observed that our two favorite chemical altering agents, chloroform and butanol, differed in their mode of action on catalase, since the latter deprived the altered catalase of the protection effect, whereas the former altered the catalase without loss of this effect. A typical experiment is shown in Fig. 6 . The action of the two chemical altering agents on the UV-absorption of treated yeast cells is shown in Fig. 7 . The upper set of curves shows that butanol causes a much greater loss from the cell of material absorbing at 260 mg than does chloroform, and the lower set shows that a considerable amount of material absorbing specifically at 260 m/~ has been liberated into the surrounding medium as a result of butanol treatment but not of chloroform treatment. These data are thus consistent with any hypothesis ascribing the existence of period 3 to the presence within the intact and irradiated cells of material with the spectral properties of nucleic acid, or of its nitrogenous bases. Since simple, physical screening had already been eliminated as an explanation of the pro- tection effect, these data suggested the existence of some,form of intracellular interaction between catalase and a chromophore-containing compound.
We then attempted to set up an in vitro model exhibiting the protection effect. We found that crude or protein-free yeast RNA, or purified pancreatic RNA could, when mixed with crystalline liver catalase prior to irradiation, protect the enzyme against any appreciable inactivation during the first few minutes of the irradiation. A rather extreme experiment is illustrated in Fig. 8 , where mixing and irradiation were carried out at pH 4.75, i.e. on the acid side of the isoelectric point of this protein (5.8), where the net charge on the protein moiety would be positive. That interaction with the R2qA did actually occur at this pH was shown by the visible turbidity which developed upon mixing the reactants at higher concentration than that used in the irradiation experiments. It will be noted that the R.N'A--enzyme mixture was completely resistant to UV irradiation for 30 minutes, during which period the activity of the irradiated catalase control was virtually abolished. It is interesting that, as shown in Fig. 8 , the catalase-RNA complex had the same initial activity as the catalase alone, if care was taken to adjust pH of both solutions to the same value.
When similar experiments, with identical concentrations of reactants, were carried out at pH 7.2, i.e. on the alkaline side of the isoelectric point where interaction between the negatively charged apoenzyme and the phosphoric acid residues of the RNA might not be expected to occur (and where visible turbidity was not demonstrable), the protection effect was also found. Protection was also afforded at either pH by digestion products of yeast RNA from ribonuclease action, as well as by adenine, but not, curiously, by adenosine- That shielding is inadequate as an explanation of the protection effect is confirmed by the experiment shown in Fig. 9 , where absorption spectra for the catalase--RNA mixtures are shown when determined after 0, 30, and 60 minutes' irradiation. The fact that there was no change in absorbance to correspond with the observed inactivation at 60 minutes shows that simple absorption of incident radiant energy by RNA chromophores cannot account for the protection effect in this in vitro model. Changes in the absorption spectrum of the irradiated catalase control are shown in Fig. 10 ; specific absorption at 280 m# diminishes progressively as non-specific absorption increases, an effect reported for other proteins by Becker and Szendro (12) and by Gates (13) . The relatively higher resistance of nucleic acid (than of protein) to UV-induced spectral changes has also been reported from Giese's laboratory (14) .
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"~" ~00 x 0~. ~(~0 MIN. UV ~3xO =\=,, "\. The onset of the photochemical inactivation of catalase might then be due to structural modification of either protein, of RNA, or of both. To determine which of this trio of possibilities was correct, RNA solutions were preirradiated for 10 minutes and then mixed with unirradiated protein before continuing the irradiation; the reciprocal experiment with preirradiated protein and lmlrradiated P,~A was also performed, and in this manner the component first affected by the UV so as to abolish the protection effect was determined. Preirradiation of the RNA led to no change in its ability to cause subsequent protection of catalase. On the other hand, as shown in Fig. 11 , preirradiation of catalase for 10 minutes resulted in abolition of the protection effect when unirradiated RNA was added at that time. A series of experiments was undertaken to determine the minimum duration of UV required to abolish protection, and it was found that, under the conditions of protein concentration and intensity of UV used in the experiments illustrated by Fig. 11 , an irradiation of 2 minutes was sufficient to eliminate the protection effect, whereas protein irradiated for but 1 minute behaved as the unirradiated control when subsequently mixed with RNA.
Our data strongly support the hypothesis that the protection effect is due to stabilization of the intracellular catalase by association with the nitrogenous component of RNA in some as yet unknown manner; as the irradiation proceeds, the catalase becomes modified so as to eliminate the association or to render it no longer effective in protecting the protein from UV-induced inactivation. 
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Temperatare ot assay ---rg--c. On the other hand, simple screening is sufficient to account for the differences between rates of inactivation of protein alone and of protein plus RNA demonstrated in Figs. 8 and 11 .
Period 4.--The inactivation of intracellular yeast catalase during period 4 is quite similar to that reported for a variety of other proteins irradiated in vitro. Fig. 2 shows inactivation curves for the yeast enzyme irradiated and assayed at different temperatures, Fig. 12 the same variables for the crystalline enzyme in vitro, and Fig. 13 that the inactivation of both categories of catalase is a pseudo-first-order process. That rate constants for UV-induced inactivation are not truly first order was shown by McLaren (15) and confirmed by Labeyrie and Shugar (16) ; that this must be true is apparent from the dependence of these constants on the intensity of the radiation and on the concentration of protein, etc.
Despite the classical demonstration of post-UV heat effects in protein "denaturation" (Bovie (17)), our data, summarized in Table VI , provided little evidence for such effects in the system studied here. In part A, the similarity of rates of inactivation of categories C and D shows that post-UV heat had no 
Values of #1 during UV-Induced Inaairation of Yeast Catalase
Data from experiment represented in Fig. 2 . Table  VI ). This finding is quite different from that of Gates (18) who irradiated pepsin at 8 and 22 ° and found a Q10 of close to unity (/~ "~ 0). Finally, Table VII illustrates the constancy of pl throughout the photoinactivation of yeast catalase. Only after extremely prolonged irradiation did the ~1 change, dropping to vanishingly small, or negative (e.g., compare final points, curves C and D, Fig. 2) values.
DISCUSSION
A. Periods 1 and 2.--In terms of our interracial hypothesis, the events occurring during period 1 could be either a modification of the surface at which catalase is adsorbed within the cell, or a release from the irradiated protoplasm of an endogenous altering agent of greater surface activity than the protein, resulting in displacement of the latter from the interface in question. It is known that UV causes a release of a variety of substances from irradiated yeast (Loofbourow el al. (10) ), and Novick and Szilard (19) have hypothesized the release of a cytotoxic agent in UV-treated bacteria.
While we cannot exclude either hypothesis at present, the acceleration of the rate of photochemical alteration by post-UV heat indicates that, if an endogenous altering agent were released by the irradiation, its surface activity must have quite different temperature characteristics than those of exogenous altering agents, like butanol (6) . The first of this alternative of hypotheses, i.e. photochemical modification of the intraceilular surface, which has the additional advantage of being heuristic, is consistent with the following model of UV-induced alteration: kv
in which C --S represents catalase, C, adsorbed at surface S, and C -S* a metastable intermediate. The reversibility of reaction 1 a is indicated by the presence of the post-UV heat effect. It is also indicated by the finding that the alteration of the catalase of category D did not reach completion, but attained an equilibrium position during period 3 in which some of the intracellular catalase remained unaltered. This was evident from the data of Table IV (column 5) showing a lower maximal activity for category D than for either B or E (assayed also at 5°), and from those of Table III, line 5 , showing a #1 for categories C and D of 3 kcal., which was significantly higher than the #x for categories A and B. It is clear from this that ceils irradiated at 3 ° and not subject to temperatures higher than 5 ° during or before assay never demonstrated complete alteration of their catalase, indicating the existence of an equilibrium position which, in the case of cells subjected to higher temperatures at any time before assay, was shifted in the direction of more complete alteration.
Since the primary photochemical reaction may be considered to be temperature-independent, the acceleration of the rate of alteration at increased temperature must be determined by the extent to which ks is more accelerated than k_l. Our data, alluded to immediately above, suggest that k_l is relatively less temperature-sensitive than ks: at low temperatures where an equilibrium between unaltered and altered catalases exists, ks was only slightly higher than k_1, but as the temperature was raised either during or after the irradiation, k2 was relatively more accelerated and the equilibrium shifted in the direction of alteration. According to this model, step 2 a is rate-limiting in the over-all reaction of photochemical alteration.
Independent evidence which may be taken to support our model comes in a personal communication from our former collaborator, M. J. Fraser, presently working in the laboratory of J. H. Schulman on the effect of ionizing radiations on yeast catalase. Making certain reasonable assumptions, he calculated target molecular weights for alteration (period 2) and for inactivation (period 4) of 3 to 4 X 106 and 2 X 105, respectively. The latter figure is quite close to the accepted molecular weight of liver catalase (225,000 to 250,000), whereas the former suggests that the site modified during alteration is, or contains, RNA. If, as both Fraser and we believe, the alteration process follows upon a modification of a RNA-contairdng surface (microsome?), it should be possible to adduce evidence bearing on this hypothesis from a study of the action spectrum of the photochemical alteration.
That the site of absorption and action of the radiant energy during alteration is the catalase itself seems most unlikely in view of the decreased entropy level of the altered enzyme (4).
The mean, over-all activation energy for UV-induced alteration was 24 kcal., a value quite close to those reported for alteration by butanol and chloroform (20 to 24 kcal.). While this might at first glance suggest a common rate-limiting step, this cannot be the case, since the rate of alteration induced by these agents was not accelerated by heat following treatment. in which the symbols have their previous meaning. The absence of posttreatment heat effect indicates that reaction 1 b was rate-limiting in this case. There was no evidence of reversibility of any of these reactions; another difference from photochemical alteration was the inability of prolonged treatment with butanol at 3 ° (in excess of 24 hours) to induce alteration. Experimentally obtained activation energies for alteration by both UV and chemical agents were close to the value predicted by one of the present authors from a consideration of the differences in ~ of unaltered and altered yeast catalases (4) . However, in view of the fact that these data actually indicated that the unaltered enzyme was higher on the energy scale (by 21 kcal.) than the altered (i.e., bonds totalling 21 kcal. strength were believed to be formed during alteration) no prediction whatever of minimum activation energy for alteration ought legitimately to have been made. This prediction is hereby retroactively retracted.
B. Period 3.--We have presented evidence indicating that the cause of the protection effect, i.e. the rather long period during which irradiation of the yeast suspensions produced no inactivation of their maximally active catalase, was the stabilization of this intracellular enzyme by means of a complex with RNA, or at least with its nitrogenous components. Cheesman (20) has demonstrated protein-nucleic acid interaction utilizing protein films and nucleic acid injected into the aqueous substratum; he attributes the interaction to hydrogen bonding, since it was abolished by low concentrations of urea. On the other hand, the presence of 10 per cent urea did not diminish the protection effect in our experiments. In our laboratory, we have not been able to confirm Cheesman's observations that small concentrations of RNA and DNA exerted a marked expanding effect on isoelectric protein films. However, we have obtained evidence (Kaplan, unpublished data) of interaction between films of catalase, at both pH 7.2 and 4.6, and very low concentrations of RNA and adenine, in that such films become very resistant to the peptide bond photolysis previously demonstrated (21, 8) . Since McLaren has shown (11) that phenyl groups stabilize keto-lmlno ("peptide") linkages against photolysis, it would appear that foreign chromophore groups, even when loosely linked to protein, act to stabilize, rather than to sensitize, the latter molecules. The protein moiety of tobacco mosaic virus also seems to be protected by its nucleic acid from changes in its physical properties induced by UV irradiation (11, p. 155).
We were able to demonstrate in ~/tro a protection of catalase by means of ribonuclease-produced RNA degradation products and by adenine. Hence, it is obviously not possible to inculpate polymerized RNA as the intracellular agent necessarily responsible for this effect, although the high concentration of this substance in yeast makes this seem not improbable. The protection effect was not completely non-specific; ATP and ovalbumin were without action.
C. Per/og 4.--The photoinactivation of both intracellular yeast and crystalline liver catalases was quite temperature-sensitive, since it was characterized by activation energies of 16 and 10 kcal. respectively. However, unlike alteration, there was little or no effect of heat when applied to the enzyme after the irradiation. Although in the earlier experiments of Setlow on inactivation of dry catalase by deuterons (22) an increase in inactivation cross-section (i.e., in probability of inactivation by a single hit) was caused by pre-and postirradiation heating, no such effect was observed in his later work on UV photoinactivation of this enzyme (23) . Apparently the photoinactivation of the dry enzyme was a less temperature-sensitive process than that of the wet enzyme, as noted in Table VI , part B. A small postirradiation heat effect in the inactivation of phage by x-rays was noted by Adams and Pollard (24) , but the increase in the inactivation cross-section was about ten times greater when heat was applied during the irradiation. Similar results were reported by Wood (25).
The similarity in kinetics and heat-sensitivity of photoinactivation of intracellular catalase and of the crystalline enzyme in solution indicates that the latter was an adequate model of the former in this respect. Photoinactivation is the only phenomenon so far studied of which this is true. An aqueous solution of the crystalline enzyme--RNA complex is a satisfactory model of the intracellular protection effect, while the crystalline catalase adsorbed at an oil/water interface stabilized by cephalin or other agents is a fair model of certain aspects of the state of the intracellular enzyme (low activity, high #1, etc.) (25). Yet we have quite a way to go before achieving an in ~itro model in which the state of the enzyme will be the same in all respects as that within the cell. D. Prospect.--The next paper in this series is a study of the induced biosynthesis of yeast catalase and will show the disappearance of the Euler effect in the "unadapted" yeast cells; our data favor the hypothesis that the interface at which catalase is adsorbed within the resting cells is the surface at which it is synthesized.
SUMMARY
The effect of prolonged UV irradiation (mostly 2537 A) on the catalase activity of an aqueous yeast suspension was divisible into 4 periods. First, the period during which the cells lost their ability to form colonies, but during which no change in catalase activity was noted. Second, the period during which a considerable rise in catalase activity (Euler effect) occurred. The Euler effect was accompanied by enzyme alteration as shown by the simultaneous decrease in the activation energy of the enzyme-substrate system. However, during the initial phase of this period, as the catalase activity of the suspension began to increase, the activation energy rose to a transient level higher even than that characterizing the unaltered enzyme. Heat accelerated the rate of alteration when applied either during or after the irradiation; the activation energy for the over-all alteration reaction was 24 kcal., a value close to that recorded previously for alteration induced by chemical agents. Nevertheless, the rate-limiting step appeared to be different in the two cases. A model of these events was presented in which the primary photochemical action was on the site at which catalase is located within the cell. Third, a rather long period during which irradiation led to no diminution in the catalase activity of the maximally active suspension. This protection effect was duplicated in ~itro by a model crystalline cataiase-RNA system, or by adding either ribonuclease digestion products of RNA or adenine to a catalase solution prior to irradiation. Evidence was adduced that the protection effect was not a simple screening, but involved some sort of interaction between the enzyme and the nitrogenous components of RNA, an interaction which must likewise occur within the cell. Alteration induced by CHC13 did not eliminate the protection effect, but that by butanol did. The onset of photoinactivation was due to modification of protein structure, not of RNA. Fourth, the period of photoinactivafion of the intracellular enzyme, which was quite similar to that of the crystalline enzyme in vitro.
